Introduction
Epidural analgesia during labor is commonly used worldwide with rates up to 70% in France or in the USA 1, 2 . Multiple attempts at epidural placement with multiple needle punctures and multiple changes in needle direction may be distressing for the patient and may increase the risk of dural puncture. Dural puncture remains the most frequent complication of epidural placement during labor 3 . It may compromise the quality of the postpartum period and lead to claim 4, 5 . Five risk factors for difficult neuraxial block have been reported in the literature:
difficult palpation of bony landmarks, obesity, spinal deformity, inability of the patient to flex his/her back and operator's low level of experience [6] [7] [8] [9] [10] . Unfortunately, risk factors have been identified in studies based on heterogeneous populations (i.e. obstetric and non-obstetric patients) using heterogeneous techniques (i.e. spinal or epidural block and lumbar or thoracic epidural block) [6] [7] [8] [9] [10] . They may therefore not apply to epidural placement in obstetric patients. Moreover, the two studies specifically conducted in obstetric patients focused mainly on obesity and the operator's level of experience 9, 10 . The first hypothesis tested in this study is that the 5 risk factors for difficult neuraxial block reported in the literature are also risk factors for difficult epidural placement (DEP) during labor.
Targeting interventions to patients at high-risk of DEP may decrease DEP frequency, improve patient satisfaction and reduce the risk of dural puncture. Interventions may include performing epidural placement in the sitting position that facilitates landmark location, referral to an experienced anesthesiologist to perform the procedure or the use of ultrasonographic identification of the epidural space [11] [12] [13] [14] [15] [16] . The use of ultrasound identification of the epidural space when epidural puncture is expected difficult is recommended by the recent English National
Institute for Health and Clinical Excellence (NICE) guidelines 12 . High-risk patients could be identified with a score based on the combination of individual risk factors but no score for DEP during labor is available. Determining the value of using interventions in high-risk patients identified with a score requires an impact study. Decision analysis techniques such as decision curves can estimate if a decision to use intervention in a patient is better made with or without a score 17 . The second hypothesis tested in this study is that a score predicting the risk of DEP is clinically useful for the decision-making process
The primary aim of this cross-sectional study was to confirm risk factors for DEP during labor and the secondary aim to build and evaluate the clinical usefulness of a score predicting the risk of DEP.
Methods
This prospective cross-sectional study was approved by the Cochin Hospital Ethics Committee, Paris, France. It was conducted in the Bichat Hospital maternity unit (a teaching hospital with 2,200 deliveries per year and 87% epidural analgesia rate). It complied with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.
Study design
Patients entering labor and requesting lumbar epidural analgesia were invited to participate by one of the investigators. Exclusion criteria were a contraindication to epidural analgesia, patient's refusal to participate or history of spinal surgery. Informed written consent was obtained from each participant.
Investigators were 6 certified anesthesiologists and 8 residents or fellows, representing 50% of the operators performing epidural placement in our institution during the study period.
Anesthesiology residents were allowed to participate in the study once they had performed 50 epidural placements and were at the 50 procedure level at the beginning of the study.
Epidural placement was performed in the sitting position as it is routine practice in our hospital. After skin anesthesia with 2% lidocaine without epinephrine, an 18-gauge 80 mm Tuohy needle was inserted via the midline approach. The epidural space was identified by loss of resistance to saline. The choice of epidural space (L4-L5 or L3-L4) was left to the discretion of the attending anesthesiologist. When needle placement was not possible at the selected interspinous space, the anesthesiologist was free to choose another space. According to our local protocols, residents were not allowed to perform more than 2 skin punctures with Tuohy needle and had to ask their senior for help in that case.
Definitions of DEP and dural puncture
Epidural placement was defined difficult when Tuohy needle placement in the epidural space required more than one skin puncture, regardless of the number of needle redirections. This definition of DEP was based on a survey of the literature about difficult neuraxial block [6] [7] [8] 10 . In this survey, the most frequently used definition was the number of skin puncture and the most frequently used threshold defining difficulty was more than one puncture.
Dural puncture was self-reported by each investigator. It was defined as either reflux of cerebrospinal fluid in the Tuohy needle or epidural catheter or motor blockade after a test dose of 2 mL 2% lidocaine without epinephrine. Motor blockade after the test dose was defined as a grade ≥ 2 on the 4-grade Bromage score with grade 1 corresponding to free movement of legs and feet and grade 4 to inability to move legs or feet.
Risk factors for DEP
Five risk factors for DEP were selected from a survey of the literature about difficult neuraxial block 18 .
Palpation of interspinous spaces was classified as good when easily palpable, poor when hardly palpable and nil when impalpable 6, 7, 9, 10 . Interspinous space palpation was defined difficult for palpation scores of poor or nil.
Obesity was assessed by body mass index (BMI) at term (i.e. the ratio of the weight in kg to the square of the height in m). Since no BMI cut-off value has been defined for obesity during pregnancy and as dichotomization of a continuous variable in multivariable analysis can lead to loss of information, BMI was expressed as a continuous variable 19 .
Spinal deformity was defined as deviation from the midline of the visible or palpated spinal processes, as previously reported 6, 7, 9, 10 .
The ability of the patient to flex her spine was observed by standing at the patient's side and asking her to flex her back to a maximum 7, 9 . The curvature of the skin was recorded as either convex, straight, or concave. Inability to flex the spine was considered to be present when the patient presented a straight or concave curve.
Operator level of experience was based on the number of epidural placements performed by each investigator before participating in the study. An investigator was defined proficient when he/she had performed more than 100 procedures before participating in the study. The cutoff of 100 was based on the study by Konrad et al. that demonstrated that it was the number of cases necessary on the learning curve to obtain an at least 80% successful placement rate 13 .
Outcome assessment
The operators performing epidural placement were unblinded. They both assessed risk factors before epidural placement and reported the number of skin punctures with Tuohy needle after epidural placement on the case report form. They were instructed before participating in the study to report patient's risk factors on the case report form before performing epidural placement.
Statistical analysis
Statistical analysis used R software, version 2.14.1 (R Foundation for Statistical
Computing, Vienna, Austria) and the results were expressed as number of patients (%) or mean ± one standard deviation. When appropriate, 95% confidence intervals (95%CI) were calculated.
The frequency of dural puncture was compared in patients with and without DEP with the Fisher's exact test.
The population was randomly split into two equal size sets: a training set used for model building and a validation set. The randomization was made with the function sample of the statistical software R. Firstly, 165 lines corresponding to 165 patients of the database containing 330 patients were sampled at random and without replacement to constitute the training set.
Secondly, the remaining 165 patients not sampled were defined as the validation set. The five candidate variables were compared between patients with and without DEP in the training set using Wilcoxon test for continuous variables and Fisher's exact test for discrete variables. The odds ratio of DEP for each variable was calculated with univariate logistic regression. The five variables were then entered into a logistic regression analysis with backward selection to obtain a prediction model. Interactions between final variables in the prediction model were tested. The final model was evaluated for discrimination with the c-statistic. Discrimination refers to the model ability to discriminate a patient with DEP from a patient without DEP. The model developed in the training set was applied to the validation set without re-estimating the coefficients and evaluated for discrimination with the c-index.
Our original plan was to include at least 350 patients. Based on a prevalence of DEP of 30%, 105 events were expected with half of the events in the training set and half in the validation set 6, 7 .
Since 5 candidate variables were tested in the training set, it would lead to a ratio of the number of events to the number of candidate variables greater than 10 on multivariable analysis.
A score to predict DEP was developed from the regression coefficients of the multivariable logistic regression model of the training set. Logistic regression coefficient for the 3 significant risk factors (difficult palpation of the interspinous space, spine abnormality and inability to flex the back) was rounded to the nearest integer. This integer defined the number of points attributed to the risk factor. The score was the sum of the points corresponding to each variable. Three risk groups were defined in the training set by cutoff values of the score according to sample sizes with 1/3 of the training population in each risk-group. The odds ratio of DEP for the 3 riskgroups was calculated with univariate logistic regression. Discrimination of the score divided into three risk-groups in the training set was assessed with the c-statistic and calibration with a calibration plot. Calibration refers to the agreement between the predicted probability of DEP in each risk group and the observed probability of DEP in each risk group. The agreement is obtained when the predicted probability in a given group is comprised within the 95% confidence interval of the observed probability in this group. In the validation set, discrimination and calibration of the score divided into three risk-groups was also assessed with the c-statistic and a calibration plot.
Evaluation of a strategy to use an intervention to avoid DEP based on the 3 risk groups defined by the score was made with decision curves in the training and in the validation sets.
Decision curve is a graphic display of the relationship between the net benefit of the 3 risk groups defined by the score and the threshold probability for intervention 17, 20 . In the present study, the threshold probability for intervention was the probability of DEP for a given patient in whom the anesthesiologist would use an intervention to avoid this event. A net benefit is calculated for each threshold probability. The net benefit is the probability of true-positive results minus the probability of false-positive results with the latter weighted by the odds at the threshold.
Interpretation of decision curve analysis is based on comparison of the net benefit of the 3 risk groups defined by the score with the net benefit of an "intervention in all patients" strategy (all patients have DEP) and with the net benefit of an "intervention in no patient" strategy (no patient has DEP). When the net benefit of the 3 risk groups defined by the score is higher than the benefit of these two strategies, the decision to use an intervention should be based on the risk groups rather than on the anesthesiologist's opinion. Decision curve analysis allows determination of the range of threshold probabilities over which the 3 risk groups defined by the score is clinically useful 17 . The decision curve analysis was performed with the DCA package downloaded on www.decisioncurveanalysis.org 21 .
Results
Three hundred thirty patients were included in the study. The study flowchart is presented in Figure 1 and patient characteristics are shown in Table 1 .
Dural puncture
The dural puncture frequency was significantly higher in patients with DEP than in patients without DEP: 4/98 (4.0%;95%CI: 1.1-10.1) versus 0/232 (0%;0.3-3.1), respectively (p = 0.007).
Univariate and multivariate analysis
Prevalence of DEP was 32% (25-40) in the training set. Distribution of the 5 candidate risk factors in this set is presented in Table 1 .
In the training set, the candidate risk factors were significantly different between patients with and without DEP except for the operator's level of experience (Table 2 ). Multivariate analysis identified three risk factors for DEP (Table 2) candidate risk factors in this set is presented in Table 1 . The c-index of the model built in the training set when applied to the validation set was 0.78 (0.70-0.86).
Score to predict DEP and risk groups
The points based on the logistic regression coefficients for the presence of each of the 3 risk factors in the training set are presented in Table 2 : 2 points were attributed for the presence of "difficult palpation of the interspinous space" and 1 point for the presence of "spine abnormality" or "inability to flex the back". The score was calculated by adding each component and ranged from 0 to 4 with a median value of 1 in the training set.
In the training set, 3 groups were defined: a low-(score of 0; 62 patients or 37%), an 
Decision curve analysis
Evaluation of a strategy to use an intervention to avoid DEP based on the 3 risk groups defined by the score was made with decision curves in the training and in the validation sets ( Figure 3 ). In the training set, for a threshold probability between 10 and 72%, the 3 risk groups defined by the score had a higher net benefit than the two extreme strategies. If a clinician would consider an intervention when the risk of DEP was 10% or higher, then this decision would be optimally guided by the 3 risk groups defined by the score rather than by clinical opinion. On the contrary, if a clinician would consider an intervention when the risk of DEP was 72% or higher, then this decision would be optimally guided without the risk groups. In the validation set, the 3 risk groups defined by the score had a higher net benefit than the two extreme strategies for a threshold probability between 10 and 61%.
Discussion
Avoiding DEP during labor is an important issue considering the high number of procedures performed annually, its prevalence (30% in the current study) and the high frequency of dural puncture in DEP patients (4% in the current study).
Multivariable analysis of risk factors for DEP
Although intuitive, difficult bony landmark palpation, obesity, spinal deformity, poor back flexion and operator's low level of experience have all been identified as risk factors for difficult neuraxial block [6] [7] [8] [9] . Unfortunately, the above-mentioned studies included heterogeneous populations and techniques that may preclude their applicability to epidural placement during labor. Moreover, they did not always comply with current guidelines for the construction and validation of a prediction model 22 . As in previous studies, we found that difficult bony landmark palpation, spinal deformity and poor back flexion were independent risk factors for DEP. The result of the multivariable analysis was not modified when defining DEP as Tuohy needle placement in the epidural space requiring more than two skin punctures. Difficult bony landmark palpation was associated with the highest risk as evidenced by an odds ratio twice the one of spinal deformity or poor back flexion. Like Ellinas et al., we did not demonstrate any effect of obesity, probably because of the association between obesity and difficult bony landmark palpation or poor back flexion 9, 11 . The lack of statistical association between the operator's level of experience and DEP may be explained by the fact that investigators in our study were either seniors or experienced residents. The results of our study may therefore not apply to institutions with novice obstetric anesthesia residents.
The multivariable prediction model had a good discriminating ability with a c-statistic of 0.81. However, the real performance of a prediction model is only ascertained when applied to a population different from the population used to construct the model (external validation) 18 .
Internal validation with random splitting in a training and validation sets is a robust method to assess the performance of the model if it had to be applied to a different population. In the training set, the c-statistic was still 0.77 with a difference of the c-statistic between the training and validation sets less than 0.05.
Development of a score to predict DEP and creation of risk groups
A method to assess individual outcome is to use a simple score combining risk factors for DEP according to their own predictive strength. The score enabled 3 risk groups to be defined Interventions to avoid DEP could include performing epidural placement in the sitting position that facilitates landmark location or using ultrasonographic identification of the epidural space [11] [12] [13] [14] [15] [16] 23 . The use of ultrasound identification of the epidural space when epidural puncture is expected to be difficult is recommended by the recent NICE guidance 12 . Unfortunately, the guidance did not indicate when DEP is expected. Two studies conducted in obstetric patients, with one study focusing on patients with expected difficult epidural placement, reported that ultrasonography reduces the number of needle punctures required for epidural placement 15, 16 .
They also reported that ultrasonography may improve analgesia quality and parturient satisfaction. The study by Chin et al, demonstrating that ultrasonography reduced the number of needle puncture for spinal anesthesia in orthopedic patients with difficult surface anatomy landmarks, supports this view 14 . The possibility to plan interventions in order to avoid DEP highlights the importance of routinely and carefully identifying risk factors during the preanesthetic assessment performed during pregnancy or on admission to the maternity unit.
The choice of the risk group that should benefit from an intervention to avoid DEP should take into account the predicted risk of difficult epidural. In our study, this risk was less than 10%
in the low-risk group (score 0), more than 25% in the intermediate-risk group (score 1-2) and more than 60% in the high-risk group (score 3-4). On this basis, we suggest that interventions should be proposed to the high-risk group and would concern 22% of the whole population we studied. A score greater than 3 that defines the high-risk group corresponds to a patient with difficult interspinous space palpation and spine abnormality, or with difficult interspinous space palpation and inability to flex the back, or with the 3 risk factors. This suggestion should be confirmed by an impact study to determine whether targeting interventions to the high-risk group is better than usual care in decreasing the frequency of DEP and its related complications 22, 24 . In our opinion, the impact study should investigate the benefit of ultrasonography in the high-risk group (i.e. score 3-4). Anyway, the decision curve of the 3 risk groups defined by the score suggests that the benefit of using this strategy would be superior to the one of not using it.
Limitations of the study
The definition of DEP used in this study was based on a parameter (i.e. the number of skin punctures) that was objective, easily quantifiable and that did not involve observer interpretation. It may not reflect the subjective clinical experience of senior obstetric anesthesiologists of difficult epidural placement. However, no universally accepted definition of DEP is available at the present time and our definition is in line with the one used in previous studies [6] [7] [8] 10 . Moreover, a significantly higher dural puncture frequency was observed in patients with DEP suggesting that, in addition to the technical difficulty for the anesthesiologist, this definition corresponded to a poorer outcome for the parturient.
The study could have been designed as a blinded one, with an operator performing epidural placement and an independent observer recording the data. However, the 24 h / 7 d nature of obstetric anesthesia practice and of patients inclusion made the availability of an independent observer a practical issue.
Conclusion
In conclusion, we have confirmed risk factors for DEP during labor and proposed a score predicting DEP. The score identifies high-risk patients that may benefit from an intervention to decrease DEP. This hypothesis should be evaluated in an impact study. Results are expressed as mean ± one standard deviation or number of patients (%). BMI: body mass index Results are presented as mean (± 1 SD) or number of patients (%). OR: odds ratio, 95%CI: 95% confidence interval and BMI: body mass index.
(*) Logistic regression coefficient for each risk factor was rounded to the nearest integer.
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